The Indo-Pacific region has arguably been the most important area for the formulation of theories about biogeography and speciation, but modern studies of the tempo, mode and magnitude of diversification across this region are scarce. We study the biogeographic history and characterize levels of diversification in the wide-ranging passerine bird Erythropitta erythrogaster using molecular, phylogeographic and population genetics methods, as well as morphometric and plumage analyses. Our results suggest that E. erythrogaster colonized the Indo-Pacific during the Pleistocene in an eastward direction following a stepping stone pathway, and that sea-level fluctuations during the Pleistocene may have promoted gene flow only locally. A molecular species delimitation test suggests that several allopatric island populations of E. erythrogaster may be regarded as species. Most of these putative new species are further characterized by diagnostic differences in plumage. Our study reconfirms the E. erythrogaster complex as a 'great speciator': it represents a complex of up to 17 allopatrically distributed, reciprocally monophyletic and/or morphologically diagnosable species that originated during the Pleistocene. Our results support the view that observed latitudinal gradients of genetic divergence among avian sister species may have been affected by incomplete knowledge of taxonomic limits in tropical bird species.
Introduction
The Indo-Pacific archipelagos have played a fundamental role in the formulation of modern biogeographic and speciation theories. Observations of the complex distributions of Asian and Australian faunas in the centre of the region ( present-day Wallacea) inspired Alfred Russell Wallace to develop his ideas on the connection between geography and animal distributions [1, 2] . Further east in Melanesia, patterns of geographical variation in birds formed the basis of Ernst Mayr's highly influential allopatric model of speciation [3] .
A dynamic geological history [4] and Pleistocene sea-level fluctuations [5] have generated complex patterns of spatio-temporal vicariance events and dispersal routes [6] . Today, the Indo-Pacific archipelagos comprise more than 20 000 islands ranging from small atolls to large, geologically complex, tropical islands, such as New Guinea, Sulawesi and Borneo. Several biodiversity hotspots have been recognized within the Indo-Pacific region [7] , and the largest island (New Guinea) is estimated to host the third-largest 'high biodiversity' wilderness in the world, only surpassed by the Amazon and Congo forests [8] .
Many islands in the region are truly oceanic. Consequently, the biota must have arrived by over-water dispersal and the importance of dispersal has been demonstrated for the distributions of many faunal groups in the region [6] . Pleistocene climate oscillations have also influenced the population structure of many organisms [9, 10] , and this influence is assumed to be particularly strong in the shallow parts of the Indo-Pacific, where lowering of sea levels connected islands that are currently separated by water barriers [5] .
Despite the rich biodiversity of the Indo-Pacific and the fact that this region has played a major role in the development of modern biogeography, most phylogeographic analyses of single species have been restricted to subregions within the Indo-Pacific archipelagos, such as the Philippines, the Sunda Shelf islands, Australia and New Guinea [6] . Other studies have employed species-level phylogenies to investigate biogeographic patterns of birds across larger parts of the region [11, 12] . However, studies based on complete geographical taxon sampling, allowing for more in-depth studies of colonization and diversification patterns, are still scarce [13] . Consequently, the understanding of Pleistocene dispersal and diversification in the Indo-Pacific is still largely based on taxonomic data based on morphological variation [14] .
The red-bellied pitta Erythropitta erythrogaster has a wide distribution, spanning large parts of the Indo-Pacific (figure 1). It is a medium-sized passerine bird that inhabits lowland rainforests and monsoon forests, and most populations are believed to be strictly sedentary [15, 16] . Many populations confined to specific archipelagos or islands are morphologically distinct, and up to 28 subspecies are currently recognized [15] [16] [17] [18] [19] [20] . Several other widespread superspecies are known from the Indo-Pacific region [14] , and E. erythrogaster is therefore ideal for studying avian dispersal and diversification across a large insular region. The species is regarded as one of the 'great speciators' [14] , but species limits have never been addressed using modern approaches [21, 22] .
Here, we examine the population structure of E. erythrogaster based on molecular and morphological data within a spatiotemporal framework. We test alternative scenarios of the tempo and mode of colonization, and characterize the level of diversification among archipelagos and island populations. Ultimately, we aim to test (i) how external factors such as Pleistocene climate oscillation have influenced dispersal rates over time, and (ii) if dispersal followed a stepping stone pathway, as predicted by the theory of island biogeography [23] . Finally, we define the genetic and morphological variation of E. erythrogaster in a geographical context, and discuss the taxonomic status of distinct populations.
Material and methods (a) Datasets
For the molecular analyses, we aimed for dense geographical coverage and sampled 139 individuals of E. erythrogaster (figure 1), including all 28 described subspecies [15] [16] [17] [18] [19] . Two closely related species, E. kochi and E. venusta, were also included to test the monophyly of the E. erythrogaster complex and to root the trees. For all samples, two mitochondrial regions were sequenced: the complete NADH dehydrogenase subunit 3 (ND3) and partial cytochrome b (cyt-b). For most samples, we also obtained partial sequences from two nuclear introns: Myoglobin intron 2 (MYO2) and CSDE1 (Cold shock domain containing E1, RNA-binding) intron 5. rspb.royalsocietypublishing.org Proc R Soc B 280: 20130309
We also analysed an extensive morphometric dataset from 440 study skin specimens (143 females and 297 males) compiled by Johannes Erritzoe [15] , and examined the plumage variation of 210 study skins.
(b) Phylogenetic analyses, molecular dating and ancestral area reconstruction
We used maximum-likelihood and Bayesian inference to estimate the phylogenetic relationships in the E. erythrogaster complex. The nucleotide substitution models were selected for each gene individually, and supported GTR þ G for cytochrome b, HKY þ I þ G for ND3, HKY þ I for myoglobin intron 2 and GTR þ I þ G for CSDE1 intron 5. We applied the models above for each partition for both a mitochondrial and a concatenated dataset in the Bayesian analysis (10 million generations) using MRBAYES v. 3.1.2 [24] and the GTRMIX option in the maximum-likelihood analyses (1000 tree search replicates and non-parametric bootstrapping to estimate nodal support) using RAXML [25] . The burn-in and convergence diagnostics of Each circle corresponds to one haplotype and its size is proportional to its frequency; each line connecting the haplotypes refers to a mutational step; marks in the lines are indicated when more than one step was found. When more than three mutational steps were found, they are indicated by a number corresponding to the number of steps. Colours correspond to eight major geographical regions given in the legend. Names at the mitochondrial network correspond to subspecies of E. erythrogaster represented by their first three letters.
rspb.royalsocietypublishing.org Proc R Soc B 280: 20130309 MRBAYES analysis were estimated using the potential scale reduction factor [26] and TRACER [27] . We analysed the mitochondrial dataset using BEAST v. 1.7.3 [28] to estimate divergence times within E. erythrogaster, applying the models selected above and assuming a Yule speciation process for the tree prior. Because a clock-like evolution of the mitochondrial dataset could not be rejected, we applied both a strict and a relaxed uncorrelated lognormal molecular clock to our data partitioning. Because no fossils are available for this group, we used a rate of evolution of 1.05 per cent (+0.35) sequence divergence per lineage per million years for cyt-b to obtain absolute dates [29] . The program TRACER [30] was used to assess convergence diagnostics.
We used LAGRANGE [31, 32] to study the direction and sequence of colonization of the E. erythrogaster complex across the IndoPacific. We assigned eight geographical areas for the LAGRANGE analysis after considering geological events [4] : Philippines (PHI), Sulawesi (SUL), south Moluccas (SMO), north Moluccas (NMO), Bismarcks (BIS), north New Guinea (NNG), south New Guinea and north Australia (SNG), Louisiades (LOU). Analyses in BAYES -LAGRANGE [32] were run on 1000 trees (stochastically sampled and disregarding the burin), from the posterior distribution of the BEAST analysis, to estimate the frequency of probability of ancestral areas for each clade.
(c) Analyses of population structure in the molecular and morphometric datasets
We used multivariate statistics to analyse the population structure. To further complement the phylogenetic inferences, we obtained median-joining networks [33] for each gene to study the relationships between haplotypes and their geographical distribution. The level of population genetic structure [34] was calculated using ARLEQUIN v. 3.5.1.2 [35] , while a Mantel test was conducted to test for correlation between genetic and geographical distances [36] . A principal component analysis (PCA) was conducted from the covariance matrix of the log10-transformed variables from the morphometric dataset. We tested for significant mean differences among eight major phylogroups as well as for 17 species suggested by our integrative taxonomic approach (see below). ANOVA was employed for each morphometric variable and for the first four principal component axes. MANOVA analyses were performed on the principal component scores to assess the effects of different phylogenetic and biogeographic factors.
(d) Molecular species delimitation and diversification rate analyses
In an attempt to identify populations of E. erythrogaster that may merit species rank, we employed a sequence-based species delimitation test developed by Pons et al. [22] , applying a general mixed Yule coalescent model. In addition, uncorrected intraspecific and interspecific distances in cytochrome b were calculated for the eight pre-assigned geographical areas and for the putative species detected in the molecular species delimitation test. We used R [37] , APE [38] and the LASER [27] packages to calculate the diversification rate. The analyses were computed on the maximum clade credibility tree as well as on 1000 phylogenies randomly sampled from the posterior distributions of trees (disregarding the burn-in). We tested for constant diversification rates over time using both the g statistic [39] and the maximum-likelihood method of the DAIC RC [27] by using a null distribution from 5000 simulated topologies of the same sample size (n ¼ 16, based on the results from the molecular species delimitation test, see above and results below) under a Yule model. Testing for undetected or extinct species, we used three further levels of total species richness representing 75, 50 and 25 per cent of the true species number.
Using R [37] and the GEIGER [40] and APTREESHAPE packages [41] , we implemented two approaches to identify nodes that display significant shifts in diversification rates: the D1 statistic [42, 43] and the relative cladogenesis test [44] .
Detailed descriptions of datasets, laboratory procedures and analyses, as well as voucher and GenBank numbers, are given in the electronic supplementary material.
Results
(a) Phylogeneny, biogeography and population structure
The phylogenetic results, divergence time estimates, biogeographic results and the haplotype network are summarized in figure 2 .
The spatio-temporal analyses of E. erythrogaster suggest that diversification took place in the Pleistocene, with the majority of regional diversification taking place within the last 400 000 years, and that colonization of the Indo-Pacific mainly had an easterly directionality. Our analyses also detect strong geographical structure in both the genetic and morphometric data. The multivariate analyses of morphometric data show that populations in eight pre-defined geographical areas are significantly separated. The PCA (figure 3) indicates that geographically closely located populations are generally morphometrically more similar than geographically distant populations. Most of the species identified by the integrative taxonomic approach (see below) were significantly differentiated in at least one of four principal components (see the electronic supplementary material). Our re-evaluation of the plumage variation within E. erythrogaster finds that 23 of the 28 described taxa show a unique combination of plumage characters (i.e. variation in plumage is not clinal across the range of the E. erythrogaster complex), because populations on adjacent archipelagos invariably differ by one or more diagnostic differences, and each archipelago also include multiple diagnosable taxa (see plumage diagnosis in the electronic supplementary material).
The genetic structuring of populations is largely congruent with the morphometric structuring (described above) in E. erythrogaster. Most of the genetic variation is explained by the variation among the pre-assigned geographical regions (table 1) . Within geographical regions, we also found a strong genetic structure in the mitochondrial haplotype network (figure 2b), with genetically unique populations on many peripheral islands within larger island groups. The AMOVA analyses of the nuclear datasets (table 1) also recovered some geographical structure, and the frequencies of unique haplotypes showed differentiation among geographical regions ( figure 2c,d) . However, many populations clearly separated by the mitochondrial dataset were not recovered by the nuclear dataset. In addition, pairwise comparisons of F ST between geographical regions also showed high genetic differences between these groups in both mitochondrial and nuclear datasets, and the neutrality and the population size change tests did not find any evidence of demographic expansion for most lineages, except for south New Guinea and south Bismarcks (see tables S4 and S5 in the electronic supplementary material for further details). The molecular species delimitation test suggested 16 putative species (figure 3). The uncorrected, intraspecific and interspecific genetic distances in cytochrome b for these potential species as well as the eight pre-assigned geographical areas showed few cases where intraspecific and interspecific distances overlap (one for the 8 pre-assigned geographical areas and three for the 16 putative species). The macroevolutionary analyses did not recover any shifts in diversification rates within the E. erythrogaster complex (figure 4a), while the Mantel test showed a correlation between genetic and geographical distances, which provides evidence for isolation by distance (figure 4b). More detailed information of the results from the phylogenetic, biogeographic, population, diversification rate, Mantel test and species delimitation analyses can be found in the electronic supplementary material. 
Discussion
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Bismarck archipelago and subsequent diversification took place largely within the second half of Pleistocene. Despite its contemporary sedentary nature, E. erythrogaster has dispersed across open expanses of water multiple times, leading to its present distribution on many isolated islands, which were never connected with other landmasses during Pleistocene sea-level fluctuations [6] . The theory of island biogeography assumes a simple model where the proximity of islands is the most important factor (size being the second most important factor) for successful dispersal and colonization [23] . According to this theory, one would expect to find a stepping stone pattern of colonization for taxa with wide distributions in oceanic archipelagoes. However, a number of empirical studies have recently challenged this simple model by revealing complex patterns of island colonizations [13, 45, 46] . Signatures of true stepping stone colonization may, as time passes, be obscured by extinctions due to erratic catastrophic events or because islands have been submerged during times of changing sea levels. It is also possible that external factors might promote a more rapid (or even the opposite: hinder) colonization of new islands, such as low sea levels in the Pleistocene, which have been found to be correlated with increased rates of avian dispersal in certain areas of the Indo-Pacific [6, 47] .
Because of the relatively young age of the E. erythrogaster complex, it is less likely that past extinctions have had a significant impact on the present phylogeographic structure, an assumption supported by the diversity-dependent diversification rate found for the complex (figure 4a). This result also rejects the hypothesis that Pleistocene climate changes or other external factors have had major effects on the dispersal rate of E. erythrogaster, in which case we would expect shifts in diversification rates associated with sea-level low stands. The haplotype networks, the phylogeny and the rspb.royalsocietypublishing.org Proc R Soc B 280: 20130309
ancestral area reconstruction (figure 2) overall support a successive colonization of the Indo-Pacific with a clear positive correlation between geographical distance between populations and relatedness. In addition, the Mantel test result (figure 4b) strongly supported the isolation by distance hypothesis, which also fits a model of a successive colonization of the Indo-Pacific by E. erythrogaster. Overall, we found good evidence for stepping stone colonization of the Indo-Pacific archipelagos by E. erythrogaster, in line with the general island biogeographic patterns predicted by MacArthur & Wilson [23] .
For the populations in south New Guinea, north Australia and New Britain, we found significant support for population expansions. In this shallow part of the Indo-Pacific, Pleistocene land connections at times of low sea levels promoted dispersal between Australia and New Guinea for many taxonomic groups [47] [48] [49] [50] . It is possible that the population structure of E. erythrogaster was locally affected [5, 51] by Pleistocene sea-level fluctuations, but it cannot be ruled out that this pattern is the consequence of more recent dispersal, because E. e. digglesi in north Australia is the only taxon within E. erythrogaster that migrates across water [18] .
Although most species within the family Pittidae are sedentary, some species within the genus Pitta are migratory [15, 16] . It is thus possible that migration has enabled colonization by long-distance dispersal, for example, into the Indo-Pacific where several species of Pitta are resident. However, long-distance dispersal seems not to have been a major force in the colonization of the Indo-Pacific by E. erythrogaster, given the strong stepping stone signature found in this study.
Changes in habitat distributions as response to the climate change during the Pleistocene are also assumed to have affected population structuring of many organisms [9, 10] . However, most of the islands inhabited by E. erythrogaster are larger than 1000 km 2 and include montane forest, probably leaving sufficient suitable habitat pockets for E. erythrogaster even during Pleistocene climate changes with associated shifts in annual temperatures. The deep seas surrounding most of the islands have also prevented significant changes in the distance between islands during times of sea-level fluctuations. We suggest that the combination of these factors and the relatively recent dispersal have been important factors in shaping and maintaining the stepping stone signature of island colonization in E. erythrogaster.
(b) Integrative taxonomy of a 'great speciator'
Several species concepts have been used to support taxonomic decisions of species delimitation, and the relative merits of these concepts have been debated vigorously [52, 53] . Modern approaches emphasize that species are populations that extend through time (i.e. are lineages) and that most species 'concepts' merely provide alternative operational criteria for delimiting species in practice [54, 55] . According to this view, species taxa are hypotheses of evolutionary lineages, which can be identified in multiple ways [21, 54, 56] . Consequently, species taxa are best documented using as many lines of evidence as possible. This evidence must be integrated to identify congruence and conflicts among datasets [21] . We used an integrative approach to identify species in the E. erythrogaster complex. Using a molecular species delimitation test [22] , we first identified 16 lineages that may correspond to species taxa (figure 3).
Most of these taxa are distributed allopatrically, were reciprocally monophyletic in our ML phylogeny (see the electronic supplementary material, figures S1 and S2) and can be diagnosed by one or more plumage characters (figure 5; electronic supplementary material). Several of these taxa also differ in morphometrics (figure 5; electronic supplementary material). This suggests that these taxa have remained isolated for a considerable time, are on independent evolutionary trajectories and are best treated as separate species.
There are a few cases in which species delimitations based on geographical, phylogenetic or plumage data are in conflict (figure 5), and for which species status is debatable. However, based on all available evidence, we propose that the E. erythrogaster complex is composed of 17 species (figure 5; see also the electronic supplementary material for evaluation of species status in cases of conflicting data): (i) Philippine pitta E. erythrogaster, with subspecies erythrogaster and propinqua (the latter including 'thompsoni'); (ii) Talaud pitta E. inspeculata; (iii) Sulu pitta E. yairocho; (iv) Sula pitta E. dohertyi; (v) Siao pitta E. palliceps; (vi) Sangihe pitta E. caeruleitorques; (vii) Sulawesi pitta E. celebensis; (viii) Buru pitta E. rubrinucha; (ix) Seram pitta E. piroensis; (x) Louisiade pitta E. meeki; (xi) Moluccan pitta E. rufiventris, with subspecies rufiventris (including 'obiensis'), cyanonota and bernsteini; (xii) New Ireland pitta E. novaehibernicae, with subspecies extima and novaehibernicae); (xiii) New Britain pitta E. gazellae; (xiv) Tabar pitta E. splendida; (xv) Habenicht's pitta E. habenichti; (xvi) D'Entrecasteaux pitta E. finschii; and (xvii) Papuan pitta E. macklotii, with subspecies macklotii (including 'aruensis' and 'kuehni'), loriae (including 'oblita') and digglesi. Figure 5 . Comparison of threshold-based and integrative taxonomy of the E. erythrogaster complex. From left to right: the tree topology based on the BEAST analysis, species identified by the threshold-based approach, our proposed revision based on integrative taxonomy, groups characterized by exclusive coalescence in the ML analysis of the multi-locus dataset (EC), groups diagnosable on the basis of plumage differences (PL), groups differing statistically in morphometrics (MM) and sonagrams of songs. For two taxa, insufficient morphometric data were available for meaningful analyses.
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The large number of distinct species, in combination with their relatively recent (Pleistocene) divergence, suggests that the E. erythrogaster complex is indeed a 'great speciator' [14] . To our knowledge, the E. erythrogaster complex includes one of the largest number of distinctive species previously grouped in a single 'polytypic' species of bird [19, 20] . However, it is likely that similar cases may be revealed when other polytypic species in the region are thoroughly examined. Whether the species proposed herein are reproductively isolated is speculative, and requires insight into the behavioural, ecological and genetic mechanisms that prevent closely related parapatric and sympatric species of pittas from fusing into a single population. Such knowledge is currently lacking. If differences in plumage and vocalizations provide cues for species recognition, then most of the species that we recognize are likely to be reproductively isolated. The differences in plumage and songs among taxa in the E. erythrogaster complex are comparable with those observed among closely related species in the E. granatina and Hydrornis guajana complexes (see the electronic supplementary material), both of which have been revised recently [55, 57] .
Our study shows that molecular species delimitation methods [22] may provide a starting point for integrative taxonomic studies. However, our study also shows that such methods may be insufficient to accurately identify all species. The molecular species delimitation analysis did not identify E. inspeculata and E. splendida as species because their divergence from E. erythrogaster and E. gazellae, respectively, failed to exceed the inferred threshold level. In contrast, the integrative approach found both pairs to be distinct in plumage and morphometrics, and further documented reciprocal monophyly of inspeculata and erythrogaster. Furthermore, two sympatric lineages within E. rufiventris were identified as putative species using the method of Pons et al. [22] , but in the light of other evidence, we consider it unlikely that these represent species. Thus, we recommend that the outcomes of molecular species delimitation methods are integrated with, and evaluated in combination with, other data to provide a comprehensive account of species-level diversity.
(c) Taxonomic limits and latitudinal gradient of genetic divergence
The recognition of 17 species in what was believed to be a single widespread species underscores that the task of the correct discrimination of species taxa in birds is not 'virtually completed', as proposed by Mayr [58] (see also [59] ). Importantly, revisions of tropical species of birds may help to remove biases from macroecological studies resulting from incorrect taxonomies. For example, it has been suggested that genetic divergence among sister species is higher in tropical birds than in temperate regions. This in turn has been interpreted as evidence for higher rates of speciation and extinction in temperate regions than in the tropics [60] . However, such a pattern may simply represent an artefact caused by incomplete studies of species limits in tropical groups [61] and by a bias towards the tropics in the downgrading of distinctive taxa to subspecies rank during the first half of the twentieth century [62] . Our results support the view that there may be a taxonomic bias against recent speciation in tropical birds owing to incorrect taxonomy. We found that sister species in the E. erythrogaster complex typically differ by 1.1 per cent or less in cytochrome b (see the electronic supplementary material). These levels are in line with those found in temperate sister species, but are lower than those typically observed among tropical species [63] [64] [65] [66] . Thus, latitudinal gradients of genetic divergence among sister species probably become flatter when taxonomic limits of tropical bird species become better known.
